Heat stress has negative effects on biological defense mechanisms such as the immune response in chickens, and organs of the immune system, such as the spleen, are atrophied by heat stress in broiler chickens. In order to assess heat stress-induced functional changes of immune mechanisms in the spleen of broiler chickens, expression of genes encoding splenic cytokines (Th1 type, Th2 type, and pro-inflammatory cytokines) was analyzed. Heat exposure at 34℃ for 15 days significantly induced the spleen involution, increased interleukin (IL)-4 and IL-12 expression and decreased interferon (IFN)-γ. However, expression of IL-6, 10, 13, and 18 was not affected. Heat stress reduced feed intake, which may affect the spleen weight and cytokine expression. Therefore, a pair-fed group at 24℃ (24PF) was included in which chickens received the same amount of feed as those in the group at 34℃. Spleen weight was not affected by the reduction in feed intake. IL-4 expression in the 24PF group was higher than that in the control group. Further, IFN-γ expression increased and IL-12 expression was not affected by the reduction of feed intake, suggesting that the feed intake reduction induced by heat stress does not modulate splenic cytokine expression in broiler chickens. These data suggest that heat stress induces spleen involution and affects the expression of splenic cytokines such as IL-12 and IFN-γ in broiler chickens, but not through the feed intake reduction.
Introduction
High ambient temperature or heat stress is one major concern for the poultry industry, especially in the hot regions of the world. Important factors such as growth, feed intake, hatchability, mortality, or carcass characteristics are adversely affected, which hinder the productivity. Furthermore, continuous selection for fast growth has been associated with increased susceptibility of broiler chickens to heat stress. Therefore, it is necessary to understand the effects of heat stress on physiological functions in order to mitigate these effects in recent commercial broiler chickens.
Heat stress affects biological defense mechanisms such as the immune response in addition to inducing metabolic disorders, leading to a low productivity of chickens. Namely, antibody response to sheep red blood cells (SRBC) is reduced and heterophil/lymphocyte ratio increases in broiler chickens (Khajavi et al., 2003) and laying hens (Mashaly et al., 2004) under heat stress. Decrease in the numbers of total white blood cell in the blood (Mashaly et al., 2004) , decrease in the ratio of helper and cytotoxic T cells in the blood (Khajavi et al., 2003) and in the spleen (Han et al., 2010) , and decrease in macrophage activity (Bartlett and Smith, 2003) by heat stress are also reported in chickens. Thus, heat stress has negative effects on biological defense mechanisms and health in chickens. Therefore, it is important to understand its effects on immune functions.
Organs of the immune system, such as the spleen, are atrophied by heat stress in broiler chickens (Niu et al., 2009; Quinteiro-Filho et al., 2010) . Thus, the function of the immune mechanisms in the spleen might be modified under heat conditions. The spleen is a peripheral lymphoid organ that plays a major role in the immune response against systemically acquired antigens ( Abdul-Careem et al., 2007; Jeurissen, 1991) . This organ contains Immune cells such as T lymphocytes, B lymphocytes, macrophages, and granulocytes (Jeurissen, 1991) . Therefore, various cytokines, small proteins playing important roles in immune responses, are expressed in the spleen. For example, Th2 type cytokines (interleukin (IL) -4, IL-10, and IL-13), Th1 type cytokine (interferon (IFN)-γ and IL-18), and pro-inflammatory cytokine (IL-6) are expressed in the chicken spleen (Degen et al., 2005; Abdul-Careem et al., 2007; Coble et al., 2011; Takahashi et al., 2011) . Therefore, changes of these cyto-kines expression may regulate the immune system in broiler chickens.
As mentioned above, heat stress affects the immune system and reduces the spleen weight in broiler chickens. Therefore, cytokines expression in the spleen may be modulated under heat conditions, leading to a negative regulation of the immune system in broiler chickens. However, little is known about the modulation of cytokine expression in the spleen by heat stress in chickens. In the present study, we investigated the effect of heat stress on splenic cytokine gene expression in broiler chickens. In addition, the spleen involution and modulation of cytokine expression under heat conditions through the reduction of feed intake were also evaluated.
Materials and Methods
Male 0-day-old broiler chicks (Chunky) were purchased from a local hatchery. All experiments performed in this study followed the recommendations within the Guide for the Care and Use of Agricultural Animals in Agricultural Research of the National Institute of Livestock and Grassland Science (Tsukuba, Japan). Chicks were housed in electrically-heated battery cages and had free access to water and a commercial broiler starter diet.
Experiment I
Twenty chicks (24-day-old) of similar body weight were divided into two groups of 10 birds (5 replicates with two birds/pen) placed at 24℃ (Control) and 34℃ (heat stress, HS). Chicks in the control and HS groups were fed a commercial broiler finisher diet ad libitum for the 15 days experimental period. Body weights and feed intake were recorded twice a week (every 3 or 4 days) and on the final day of the experimental period. After 15 days, all birds were euthanized and tissue samples were removed and weighed as quickly as possible. For measurements of cytokine mRNA expression, the spleens were immediately frozen in liquid nitrogen and stored at −80℃.
Experiment II
Twenty four chicks (26-day-old) of similar weight were individually transferred to floor pens and divided into 3 groups of 8 birds, 24℃ (Control), 24℃ (Pair-fed of control, 24PF), and 34℃ (heat stress, HS). Chicks in the control and HS groups were fed commercial broiler finisher diet ad libitum for the 14 days experimental period and the 24PF chicks were fed twice per day and received the equivalent amount of total feed consumed the previous day by the HS group. Body weights and feed intake were recorded every week. After 14 days, all birds were euthanized and tissue samples were removed and treated as described in Experiment I. Total RNA Isolation, cDNA Synthesis, and Real-time Polymerase Chain Reaction (PCR)
Total RNA was extracted from the spleen samples using Trizol (Invitrogen, Grand Island, NY, USA) following the manufacturer's protocol. Complementary DNA (cDNA) was synthesized from 1 μg of total RNA using random primer (TOYOBO, Tokyo, Japan) and ReverTra Ace (TOYOBO).
Real-time PCR was performed to measure mRNA expression levels using a LightCycler instrument (Roche Diagnostics, Mannheim, Germany) and the QuantiTect SYBR Green PCR system (Qiagen, Venlo, Netherlands). PCR primers for chicken 6, 10, 12, 18 , and IFN-γ were purchased from Qiagen. The expression of 18s rRNA was measured as an internal control and primers (5′ -TCAGATACCGTCGTAG-TTCC-3′ , 5′ -TTCCGTCAATTCCTTTAAGTT-3′ ) for chicken 18s rRNA were designed based on a previous publication (Li et al., 2005) .
Statistical Analysis
A computer generated SAS (SAS institute, 1988) application package was used for statistical calculations. Data were analyzed using student's t-test in experiment I, and generalized linear model (GLM) procedure followed by Tukey's multiple range test in experiment II. The level of significance used in all studies was P＜0.05.
Results

Experiment I
Effects of heat exposure on growth performances of 39-day-old broiler chickens are shown in Fig. 1 . The body weight gain, feed intake, and feed efficiency were decreased when the birds were exposed to high temperature for 15 days in comparison to the control group. These results indicate that heat stress was induced in this study.
Effects of heat exposure on the proportion of tissues weight to body weight are shown in Fig. 2 . Heat exposure for 15 days significantly reduced the spleen weight, while the liver, muscle, and abdominal adipose tissue weights were not affected.
IL-4 mRNA expression in the spleen was significantly increased, whereas IFN-γ mRNA expression was significantly reduced by heat exposure for 15 days (Fig. 3) . Furthermore, IL-12 mRNA expression in the spleen was increased by heat stress for 15 days (Fig. 3) . On the other hand, IL-6, 10, 13, and 18 mRNA expression was not affected by heat stress (Fig. 3) . Thus, cytokine mRNA expression in the spleen is modulated by heat exposure for 15 days in broiler chickens.
Experiment II
Heat exposure reduced the feed intake and body weight gain in experiment I, as reported previously. Therefore, the 24PF group, in which bird received the equivalent amount of total feed consumed the previous day by the chickens in the HS group, was included to observe the effects of the reduction of feed intake on cytokine mRNA expression in the spleen in experiment II. As shown in Fig. 4 , the feed intake in the 24PF and HS group was almost equal. The body weight gain was significantly decreased by heat exposure for 14 days and there was no significant change between the 24PF and HS group (Fig. 4) . On the other hand, the feed efficiency in the 24PF group was significantly lower than that in the control group, but higher than that in the HS group, suggesting that heat stress do not only reduce nutrient intake, but also its utilization efficiency.
The spleen weight was reduced by heat exposure as in Ohtsu et al.: Splenic Cytokine Expression under Heat Stress experiment I. Furthermore, the spleen weight in the 24PF group was almost equal to that in the control group (Fig. 5) , indicating that the decrease in feed intake induced by heat stress is not responsible for the reduction of the spleen weight. IL-4, IL-12, and IFN-γ gene expression was modulated by heat stress in experiment I. Thus, it was also measured in experiment II. The significant increase in IL-4 mRNA expression in the spleen by heat exposure was confirmed in experiment II (Fig. 6) . No increase in IL-4 mRNA expression was observed in the 24PF group (Fig. 6) . The reduction in IFN-γ mRNA expression in the spleen by heat exposure was observed, but it was not significant (Fig. 6) . IFN-γ mRNA expression in the 24PF group was the highest among the groups (Fig. 6) . Heat exposure for 14 days significantly increased the expression of IL-12 mRNA in the spleen as in experiment I. IL-12 mRNA expression in the 24PF group was almost equal to that in the control group (Fig. 6) .
Discussion
Growth performance such as body weight gain and feed intake decreases under heat conditions (Cheng et al., 1997) . This was confirmed in this study (Fig. 1) , indicating that heat stress was successfully induced. Moreover, the feed efficiency was also decreased by heat exposure (Fig. 1) as previously reported (Cheng et al., 1997) . In addition, the feed efficiency in the 24PF group was also significantly lower than that in the control group (Fig 4) . Therefore, the reduction of feed intake is thought to be one of the causes for the decrease of the feed efficiency by heat exposure. Feed efficiency in the HS group was significantly lower than that in the 24PF group (Fig. 4) , suggesting that heat stress affect biofunctions in broiler chickens, resulting in feed efficiency reduction.
Heat exposure reduced the weight of the spleen in this study (Fig. 2) as reported previously (Niu et al., 2009; Quinteiro-Filho et al., 2010) , but those of the liver, muscle, and abdominal fat were not affected (Fig. 2) , suggesting that heat stress specifically induced lymphoid organ involution. Furthermore, the weight of the spleen in the 24PF group was almost equal to that in the control group (Fig. 5) , suggesting that heat stress atrophies the spleen independently of the feed Journal of Poultry Science, 52 (4) intake reduction. A possible mechanism of atrophy in the spleen was suggested by Quinteiro-Filho et al. (2010) . They suggested that increases in hypothalamic-pituitary-adrenal axis activity and corticosterone elevation might be responsible for the spleen involution induced by heat stress, as corticosterone oral administration reduces the spleen weight (Shini et al., 2010) . However, the spleen weight was not affected by mild heat stress (31℃), even though corticosterone levels in the blood were elevated in their study. Thus, this phenomenon is not fully explained by the elevation of the blood corticosterone level. One possible explanation is that the sensibility of lymphoid organs to glucocorticoids might be specifically increased under higher temperature conditions. Further studies are required to elucidate the mechanism involved in the spleen involution induced by heat stress.
Cytokine gene expression in the spleen was analyzed under heat conditions. An increase in IL-4 and decrease in IFN-γ mRNA expression were observed in this study (Fig.  3) . The increase in IL-4 expression might be partially induced by the reduction of feed intake, as IL-4 mRNA expression was higher in the 24PF group than in the control Ohtsu et group (Fig. 6) . On the other hand, IFN-γ expression in the 24PF group was higher than that in the control group and heat exposure significantly decreased it in the spleen (Fig. 6) , suggesting that heat stress decreases splenic IFN-γ expression independently of the reduction of feed intake in broiler chickens. Generally, IL-4 is known as a Th2 type cytokine that acts in humoral immunity, whereas IFN-γ is known as a Th1 type cytokine that acts in cellular immunity (Mosmann and Sad, 1996) . The immune system is functionally polarized into type I or type II immune pathway in mammals (Mosmann et al., 1986) . Degen et al. (2005) have shown that polarization also occurred in avian by measuring the expression of IL-4, IL-13, and IFN-γ in the spleen. However, IL-13, IL-10 (Th2 type cytokine), and IL-18 (Th1 type cytokine) were not affected by heat exposure in this study (Fig. 3) . Moreover, heat stress was reported to reduce the production of antibodies (Khajavi et al., 2003) , suggesting that the humoral immune system is deactivated by heat stress. Therefore, the immune system and/or Th1/Th2 polarization might be disturbed under heat conditions in broiler chickens.
In the spleen, IL-12 gene expression was increased by heat exposure (Fig. 3) . IL-12 expression in the 24PF group was not changed in comparison to that in the control group (Fig.  6) , suggesting that heat stress increases IL-12 expression in broiler chickens independently of the reduction of feed intake. IL-12 is a pro-inflammatory and Th1 type cytokine, which induces IFN-γ production, leading to natural killer activation (Kaiser et al., 2004) . However, IFN-γ expression was reduced by heat exposure, although IL-12 expression was increase in this study (Fig. 3 and 6 ). These phenomena also support that the immune system might be disturbed by heat stress in broiler chickens.
As mentioned above, glucocorticoid levels in the blood are increased by heat exposure in broiler chickens. Furthermore, IL-6, IL-12, and IL-18 gene expression in peripheral heterophils of chickens was increased 3 hours post-initial treatment with corticosterone in drinking water (Shini et al., 2010) . However, these results do not explain the modulation of cytokine gene expression by heat stress in this study, as both IL-6 and IL-18 expression was not affected by heat exposure in this study (Fig. 3) . Heat stress is also known to induce oxidative stress in broiler chickens (Mujahid et al., 2006) . Nuclear factor kappa B (NFκB), a transcription factor, is activated by oxidative stress and regulates IL-12 expression (Li et al., 2005) . However, NFκB activation also increases IL-6, IL-8, IL-10, and IL-13 expression (Ahn and Aggarwal, 2005) , but those were not affected by heat stress in this study (Fig. 3) . Therefore, the mechanism involved in the modulation of splenic IL-4, IFN-γ, and IL-12 gene expression by heat stress in broiler chickens remains unknown and further investigations are required.
In conclusion, we showed that heat stress induced the spleen involution independently of the feed intake reduction. Additionally, gene expression of splenic cytokines such as IL-4, IFN-γ, and IL-12 was modulated by heat stress in broiler chickens.
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